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ABSTRACT
Equatorial Rossby waves (ERWs) are manifest as westward-propagating, planetary-scale waves that feature a symmetric pair of pressure and zonal wind fields about
the equator. ERWs can modulate tropical convective activity, especially in South
Asia and the Maritime Continents, and represent an important mode of intraseasonal
variability additional to the Madden-Julian Oscillation. Changes in the frequency and
intensity of ERWs during the recent decades were investigated based on observations of tropospheric winds and tropical convection. Spectral analyses indicated that
ERWs appear to have intensified especially in the upper troposphere; this is associated with increased convective activity located off the equator. The strengthening
and westward shift of the Walker circulation observed in the recent decades acted to
increase the tropical vertical westerly shear and, subsequently, may contribute to the
increased ERW activity. Further investigation on the dynamical process of the vertical zonal shear enhancement will improve the understanding of the changing ERW
characteristics.

1. INTRODUCTION
In the tropical atmosphere, the equatorial Rossby waves
(ERWs) describe a unique mode of planetary-scale waves
with symmetric circulations to the north and south of the
equator spanning 6000 - 18000 km. The ERWs discussed
here are part of the convectively-coupled equatorial waves
that couple to moist convection and explain a large portion of the variance in tropical convection (Matsuno 1966;
Wheeler and Kiladis 1999; Kiladis et al. 2009). In contrast
with the predominant intraseasonal mode of the MaddenJulian Oscillation (MJO) that propagates eastward, ERWs
move westward and have a phase speed of 5 - 10 m s-1 in
the Pacific sector (Kiladis and Wheeler 1995). ERWs exhibit the highest variance in the Asian monsoon and warm
pool regions (Kiladis et al. 2009) and can accompany the
westerly wind burst events (Kiladis et al. 1994; Kiladis and
Wheeler 1995). Figures 1a and b provide two examples of
recent ERW episodes, portrayed in the Hovmöller diagrams
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of outgoing longwave radiation (OLR) anomalies averaged
5 - 20°N with a 5-day running mean; one was in December 2014 and the other during December to January 2017.
The 2014 episode coincided with the crash of AirAsia flight
QZ8501, which encountered severe convective storms in the
Maritime Continents prior to developing mechanical problems (BBC 2015a, b). The 2017 ERW episode led to southern Thailand’s “worst rainfall in more than 30 years” (BBC
2015a, b; RTE 2017), submerging many villages (BBC
2017). These events illustrate ERWs’ potential in producing
life-altering weather extremes. Some studies suggested that
ERWs are also capable of initiating the MJO under certain
conditions (Wang and Xie 1996; Meehl et al. 2001; Roundy
and Frank 2004; Weickmann and Berry 2007).
There are reasons to suspect that ERWs may be modified
by the observed changes in the tropical circulations. Theoretical studies (Zhang and Webster 1989; Wang and Xie 1996;
Xie and Wang 1996) indicate that the strengthened vertical
shear and intensified heating can lead to unstable ERWs with
increased baroclinic growth. These conditions coincide with
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the intensification in vertical zonal wind shear observed during the past few decades, given that the tropical atmospheric
circulations has seen a strengthening of the Walker circulation (Meng et al. 2012; L’Heureux et al. 2013; Thompson et
al. 2015; Ma and Zhou 2016).
In this paper, we examine the interdecadal variation in
ERWs based on diagnosis of observational data while validating the previous derivations of the mean flow impact on
ERWs. Theoretical derivations of ERWs and their interaction with the mean circulation have been explored extensively (Wang and Xie 1996; Xie and Wang 1996), while the
MJO’s observed and projected changes have been examined
by a number of studies (Maloney and Xie 2013; Arnold et
al. 2015; Chang et al. 2015). The ERW’s activity has been
linked to large-scale climate modes like the two types of
ENSO, as well as the monsoon variability (Takayabu and
Nitta 1993; Kug et al. 2009). Therefore, analytical solutions,
the MJO/Kelvin Wave linkage, and the interannual variability are not our focus here. Instead, the paper was focused
on examining the extent to which ERWs have changed in
the recent decades under the strengthened vertical shear environment, using common spectral analysis methods. The
data and methods used to extract ERWs are explained in
section 2, followed by discussion of the results in section 3
and some conclusions in section 4.

(a)

2. DATA AND ERW EXTRACTION
2.1 Data

To depict the tropical convective activity, we used
daily OLR data retrieved from the High Resolution Infrared
Radiation Sounder (HIRS) radiance observations onboard
satellites with a 1° × 1° resolution (Ellingson et al. 1989;
Lee et al. 2007; Lee 2014). Differences in the atmospheric
circulations were derived from two modern-era reanalysis
datasets: the ERA-interim reanalysis (Dee et al. 2011) and
the Japan Meteorological Agency reanalysis JRA-55 (Ebita et al. 2011; Harada et al. 2016) beginning in 1979. For
longer-term analysis, we used the NCEP/NCAR Reanalysis
and NOAA’s 20th-Century Reanalyses that begins in 1948
and 1871, respectively (Kalnay et al. 1996; Compo et al.
2006). We also analyzed the new Precipitation Estimation
from Remotely Sensed Information using Artificial Neural
Networks (PERSIANN) providing daily 0.25°-resolution
precipitation since 1983 (Sorooshian et al. 2014; Ashouri
et al. 2015).
2.2 Method
Extraction of ERWs from the wind and OLR datasets
was applied with the space-time bandpass filter at each data

(b)

(c)

Fig. 1. (a) (b) Hovmöller diagram of 5-days-running mean OLR (W m-2) anomalies averaged 5 -20°N. The red line indicates the ERWs events. (c)
The DJF zonal wind shear (U250 - U850; averaged 5°S - 5°N, 160°E - 120°W). The thin line denotes the raw values, while the thick line depict the
low pass filtered (applying a 5-year-running mean) time series. Units: m s-1.
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point, following the common spectral analysis for tropical
intraseasonal variability developed by Wheeler and Kiladis
(1999) and Kiladis et al. (2006). Here, ERWs were obtained
by filtering (extracting) the westward component of zonal
wavenumber 1 - 8, with equivalent depth of 8 - 90 m and
frequency of 1/10 to 1/90 cycle per day as resolved from the
filtering. Symmetricity is crucial in the definition of ERWs
(Kiladis and Wheeler 1995; Wheeler et al. 2000; Straub and
Kiladis 2002); thus, the symmetric component of a variable
F is defined as Fs(ø)=[F(ø)+F(-ø)]/2, where ø is latitude.
The variances of the OLR and winds were then computed
from the filtered data. We also computed the wavenumberfrequency spectra of the selected variables by following the
methods used in Hayashi (1971) and Wheeler and Kiladis
(1999). ERWs are most active during the boreal winter
(Wheeler et al. 2000); thus, the present analysis was focused
on December, January, and February (DJF).
3. RESULTS
The notion that the vertical westerly shear has increased over the past century is illustrated in Fig. 1c, defined
by the zonal wind difference between the upper (200-hPa)
and lower (850-hPa) atmosphere averaged over the climatological Walker Circulation region in the tropical Central
Pacific (160°E - 120°W, 5°S - 5°N) (Ma and Zhou 2016).
The vertical wind shear reveals a strengthening tendency
that persisted into the early 21st century and this trend is
consistent among the different reanalysis datasets. Numerous studies have attributed this recent strengthening in the
tropical zonal circulation to both internal variability and
global warming, with the latter being linked to a La Niñalike pattern (Funk and Hoell 2015; Li et al. 2016) and/or
a stronger Walker circulation (Hsu and Chen 2011; Meng
et al. 2012; L’Heureux et al. 2013; Thompson et al. 2015;
Ma and Zhou 2016). The ensuing analysis was based upon
such aforementioned changes in the tropical circulation but
it does not necessarily imply any future trend.
3.1 Interdecadal Variation in ERW-Related Convective
Activity
Analytical solutions obtained by Wang and Xie (1996)
have indicated that an increase in the background vertical
westerly shear should enhance positive vorticity manifested
as westward propagating equatorial waves (i.e., barotropic
and baroclinic ERWs). To examine this, we computed the
ERW component of daily OLR variance following the filtering method described in section 2.2. Figure 2 shows the
horizontal distribution of the OLR variance representing
ERWs over the DJF of two eras: (a) 1979 - 1997, (b) 1998 2015, and (c) their era-difference. The two era-difference is
not sensitive to the time periods chosen (not shown) and the
year 1997 only reflects the midpoint of available modern-
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reanalysis data.
In Fig. 2, the maximum variance is located off the
equator over the Western Pacific around 12°S and 12°N;
this is consistent with the climatological maximum of
ERW-related convective activity (Wheeler and Kiladis
1999; Wheeler et al. 2000). In the era-difference, the OLR
variance did increase over the east Indian Ocean subtropics,
and the increases are significant at the 5% level. The ratio of
ERWs variance and total variance is 9.0% during (a) 1979 1997 and 9.6% during the (b) 1998 - 2015. For verification
purposes, a separate set of analysis without decomposition
of ERWs into the symmetric component about the equator is
shown in Fig. 3, revealing the full signal of the waves; this
result suggests a similar and even stronger enhancement of
the westward-propagating tropical waves. Further examination of the interdecadal variation in OLR variances in other
seasons (Fig. 4) shows a relatively stronger enhancement in
spring and summer with a slight weakening in fall.
The regional features of the OLR spectra between the
different eras were computed from each of the zonal wavenumber within the symmetric 5 - 20° zone and displayed
in Figs. 2d - f, showing only the westward propagation
component. The increased OLR variance across the ERW
spectrum is apparent and it suggests an enhancement of the
convective activity off the equator. To quantify such an enhancement, we integrated zonal wavenumbers 2 - 5 (i.e., the
dominant ERW wavelength) in the periods of 20 - 50 days,
yielding an increase in the ERW amplitude of ~11% with a
peak period of 25 days, after 1998.
We note that the satellite-derived OLR may include
bias resulted from orbital degradation; therefore, the PERSIANN precipitation was also examined and the result
(Fig. 5) shows a similar interdecadal variation in the ERWregime precipitation with that of the OLR. Given the possibility that tropical atmospheric humidity and cloudiness can
influence the change in OLR/precipitation variances, we
further computed the apparent heat source term based upon
the derivation of Yanai et al. (1973), commonly known as
“Q1” [Eq. (8) in Yanai et al. 1973]. The variance of the 1000
- 200 hPa integrated Q1 within the ERW spectral regime
(Fig. 6) also shows a robust increase, supporting the OLR
and precipitation analyses.
3.2 Vertical Wind Shear
ERWs are more strongly affected by vertical shear than
other convectively coupled waves (Dias and Kiladis 2014).
To examine the kinematic property of the ERW’s interdecadal variation, we analyzed the 250-hPa zonal wind variance
derived from the ERA-interim reanalysis (Figs. 7a and b).
The era-difference of the zonal wind’s variance reveals
a clear enhancement in the ERW regime along the equator (Fig. 7c), with particularly strong increases across the
tropical Pacific and the Indian Ocean (significant at the 5%
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interval). We should note that, within an ERW, convection
responds to the two cyclonic circulations so the maximum
OLR would be located off the equator while the maximal
zonal wind would appear along the equator. By averaging
the zonal wind within the equatorial band from 10°S - 10°N,
the spectral analysis (Figs. 7d - f) shows a 17.5% increase
in wavenumbers 2 - 5 within the period of 20 - 50 days.
This spectral coherence between OLR and zonal winds
lends support to the theoretically derived property change in
ERWs in response to increased vertical westerly shear. As
further examination, we computed the 250-hPa meridional
wind variance and associated changes by following Kiladis
and Wheeler (1995); the result (Fig. S1) also indicates a
consistent increase in ERWs in the central east Pacific.
Theoretical studies (Wang and Xie 1996; Xie and
Wang 1996) predict an upper-level enhancement of ERWs
under increased vertical westerly shear. For heating-induced
internal ERWs, vertically sheared zonal flow plays an es-

sential role in the emanation of ERWs into the extratropics;
this is because easterly (westerly) shears tend to confine the
unstable equatorial waves in the lower (upper) troposphere.
Based on these previous findings, the interdecadal variation
in the vertical structure of ERWs was examined by averaging
the zonal wind variance within the tropical Pacific (160°E
- 120°W; Fig. 8b) along with their era-difference (Fig. 8a).
The largest increase in the ERW’s zonal wind variance is located on the equator centered around 200-hPa. The magnitude of the increase appears to weaken substantially towards
the surface. Compared to the climatological distribution of
the ERW wind variance (Figs. 8a and b), the ERW activity
has apparently moved closer to the equator while becoming
more equatorially trapped (i.e., narrower and stronger). In
the case of vertical westerly shear, both the barotropic and
baroclinic modes of ERWs tend to be in phase (Wang and
Xie 1996) and this causes the perturbation’s confinement to
the upper troposphere, supporting Fig. 8a.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. Upper panel is the DJF ERWs filtered variance of the OLR (unit: w m-2) over (a) 1979 - 1997 and (b) 1998 - 2015. (c) is the era-difference
between (b) and (a) to indicate interdecadal variation. The filtered method is described in the section 2.2. Only 95% significant value is shown.
Bottom panel is the symmetric 5 - 20° averaged wavenumber-frequency spectra for equatorial OLR by (d) 1979 - 1997, (e) 1998 - 2015, and (f) the
era-difference between (e) and (d).
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. Same as Fig. 2c, but without first decomposing into symmetric components about the equator.

(a)

(b)

(c)

Fig. 4. Same as Fig. 2c, but in different seasons follow by (a) MAM, (b) JJA, and (c) SON.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. Same as Fig. 2, but PERSIANN precipitation (unit: mm day-1). (d) - (f) are averaged by symmetric 5 - 20°.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. Same as Fig. 2, but integrated Q1 from 1000 - 200 hPa (unit: w m-2). (d) - (f) are averaged by symmetric 5 - 15°.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7. Same as Fig. 2, but 250 hPa zonal wind (unit: m s-1). (d) - (f) are averaged by symmetric 10°S - 10°N.

(a)

(b)

Fig. 8. (a) The DJF 160°E - 120°W averaged era-difference ERWs filtered variance of the zonal wind (unit: m2 s-2) over (1998 - 2015) minus (1979
- 1997) to illustrate interdecadal variation. Contours are the same but climatology (1979 - 2015). (b) The DJF interannual variability of the wind
shear (blue: m s-1) and U250 ERW variance (red: m2 s-2) averaged over symmetric 5°S - 5°N, 160°E - 120°W. The thin line denotes the raw values,
while the thick line depict the low pass filtered (applying a 5-year-running mean) time series.
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By computing the correlation between the vertical westerly shear and the ERW zonal wind variance (Fig. 8b), their
correspondence appears weak and insignificant. However, a
correspondence did exist between their low-frequency variations (with the 5-year running means) showing a correlation
coefficient of 0.4; this is significant at a 10% confidence level
after accounting for the reduced degree of freedom. Further
examination of the vertical structure of the ERWs variance,
following Fig. 8a, is shown in Fig. 9 by averaging at every
30° longitude from 60°E - 120°W. The vertical wind shear
along the equator at each longitudinal sector (averaged 5°S 5°N) is plotted in Fig. 9b showing its long-term mean (blue)
and era-difference (red). A pronounced increase occurs in
the upper- and mid-level ERW variance and this is within
the westerly shear regime (east of 150°E). We note that vertical easterly shear, which can confine ERWs in the lower
troposphere (Wang and Xie 1996; Xie and Wang 1996), also
shows an interdecadal variation in some areas. Despite the
seemingly universal increase in the upper-level ERW variance, the more confinement of ERWs in the lower level (between 500 and 700-hPa) did occur alongside the increasingly
easterly shear regime (west of 150°E).
4. CONCLUSIONS
This study investigated interdecadal variations in the
ERW activity from satellite and reanalysis data. The results suggest that the variance and power spectra of OLR,
precipitation and wind fields within the ERW regime have
increased in recent decades. This observation supports the
theoretically derived enhancement (and trapping) of ERWs,
given that the equatorial transient kinetic energy and the
upper-level zonal flow tend to be in-phase under vertical
westerly shear (Murakami and Unninayar 1977; Arkin and
Webster 1985). Furthermore, the main increase in the OLR
spectra variance occurred to the north of the equator (around
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12°N) associated with the overall increase of 250 hPa zonal
wind spectra variance along the equatorial Pacific and Indian Ocean. The strengthening of ERWs in the upper troposphere corresponds to the predominant vertical westerly
shear, while minor increases in the lower troposphere respond to the relatively stronger easterly shear over the IndoPacific warm pool. Increased ERW activities also imply a
subsequent increase in the tropical subseasonal variability,
which may accompany and complicate the projection of
the MJO magnitude (Maloney and Xie 2013; Arnold et al.
2015; Chang et al. 2015).
These results do not suggest that the vertical shear is the
only reason for the enhancements in ERWs and associated
convection. Further analysis with coupled-model simulation
is needed in order to attribute the roles both the sea surface
temperature and the atmospheric thermodynamics play,
though current model performance on ERWs is questionable. Likewise, ERWs can also be forced by wave energy
originating in the extratropics (Kiladis and Wheeler 1995;
Kiladis 1998; Hoskins and Yang 2000; Yang et al. 2007;
Kiladis et al. 2009) where the circulation in recent years has
profoundly changed. Future investigation on the dynamical
process of the observed vertical zonal shear enhancement,
as well as the role of multidecadal variability, will improve
the understanding of the changing ERW characteristics.
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(a)

(b)

Fig. 9. Upper panel (a) is same as Fig. 8a, but averaged by different longitude, unit: m2 s-2. Bottom panel (b) is the symmetric 5°S - 5°N averaged
vertical wind shear (U250 - U850) in DJF. Blue line (left axis) is the long-term mean over 1979 - 2015, unit: m s-1. Red line (right axis) is the eradifference, (1998 - 2015) minus (1979 - 1997) to illustrate interdecadal change, unit: m s-1. Positive shows the vertical westerly shear regime while
negative shows the vertical easterly shear regime.
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Artificial Neural Networks (PERSIANN) can be found at
https://climatedataguide.ucar.edu.
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